A novel light diffuser based on a thermally cured polymer dispersed liquid crystal (PDLC) film was facilely fabricated by the thermal curing of epoxy monomers with thiols and polyamine (PA) in a composite solution of monomers and liquid crystals (LCs) sandwiched by two clean polyethylene terephthalate (PET) substrates. Varied amounts of LCs, diluent effects of epoxy resins and thiols and different curing temperatures have been investigated in the preparation of the films, and the optical properties (total transmittance and transmittance haze) and the light diffusing abilities of these films were also studied. As the microstructures of the polymers in the films were analysed using light scattering theory, it was revealed that the total transmittance of the novel light diffuser, with a combined polymer morphology of polymer networks and polymer balls, can reach 93% by simultaneously possessing a high transmittance haze (95%). The novel light diffuser, based on thermally cured PDLCs, possesses a good diffusion capacity and will have promising potential applications in military projects and liquid crystal display (LCDs) devices.
Introduction
Optical diffusers are essential lms that can spatially scatter light sources to prevent light sources from directly being seen by viewers, which are primarily applied in LCDs, LED displays, solar cells and other optical-electrical devices. [1] [2] [3] [4] [5] [6] Recently, two kinds of optical diffusers have been achieved in the LCD eld: volumetric types and surface-relief types.
1,2 The former type is prepared by coating optically transparent substrates with a homogeneous solution, and this solution is made of organic or inorganic particles such as polymethyl methacrylate (PMMA), titanium dioxide (TiO 2 ), silicon oxide (SiO 2 ), cerium dioxide (CeO 2 ), polystyrene (PS), etc., polymers and an optimum solvent. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] However, the fatal problem that exists in this type is the dispersion of particles, which depends on the complex preparation of the particles.
1 To overcome the difficulties, optical diffusers based on boehmite hollow microspheres, 1 hollow silica nanoparticles, 3 core-shell-like scatterers, 5 strawberry-like polymethyl methacrylate/SiO 2 composite microspheres, 7 nano(ZnO-CeO 2 )@polysiloxane core-shell microspheres, 10 hybrid polysiloxane@CeO 2 @PMMA, 11 and ZnO@poly-siloxane microspheres 12 have been explored in detail and their optical properties have been greatly improved. Additionally, Simonutti et al. have designed a controlled light diffuser by doping ppm concentrations of commercial TiO 2 nanoparticles into PMMA plate.
14 The latter type is based on special interfacial microstructures such as pyramids, microlenses and other microstructures in order to obtain uniform light, and presents the advantages of wide-viewing and high contrast, while most of the microstructures are complex and are produced by expensive equipment. 15, 16 Recently, Butt et al. were the rst to introduce willemite into optical diffusers, which enabled light beams to be widely spread, while transmission of the optical diffuser was inuenced by its high scattering.
17-22
PDLC lms are lms that have LCs randomly dispersed in a polymer matrix, of which the polymer is formed by thermal curing or ultraviolet curing of curable monomers such as epoxy resins and acrylate monomers. [23] [24] [25] Polymer morphologies in the lms can be divided into polymer-network-type and polymerball-type. [26] [27] [28] By optimizing the light scattering performance, PDLC lms with high transmittance can be applied in solar cells, organic light emitting diodes (OLEDs) and other optical electrical devices. Yang et al. have demonstrated a novel light enhancing lm based on PDLCs that can increase the light efficiency of OLEDs.
29
At present, more attention is focused on thermal polymerization with dispersed LCs. Epoxy resins have become one of the most effective sources for fabricating PDLC lms, due to their straightforward curing process. An epoxy diluent monomer has been utilized in our system, as epoxy resins have large viscosity. Additionally, thiols were used as a novel accelerant for the curing agent PA in the optimization of the reaction process of the epoxy resin. In this work, both a polymer-network type lm and a polymer-ball type lm were obtained by varying the concentrations of LCs, epoxy diluent monomers and thiols as well as the curing temperatures, and the optical properties of the lms were investigated. Fig. 1 shows the chemical structures of the components, including E-51 type epoxy resin, resorcinol diglycidyl ether (RDE), trimethylolpropane tris(3-mercaptopropionate) (TTMP) and polyamide (PA). RDE (purchased from Heowns Biochem Technologies) is used as an epoxy monomer and a reactive diluent in the presence of E-51 type epoxy resin. PA (purchased from Beijing Chemical Co. Ltd) is utilized as a room temperature curing agent and a macromolecule with repeating units linked by amide bonds. TTMP is a thiol with ester bonds, which is produced by Heowns Biochem Technologies. SLC1717 is a nematic LC mixture (TNI ¼ 365 K, Dn ¼ 0.201, n o ¼ 1.519, n e ¼ 1.720), which was provided by Shijiazhuang Chengzhi Yonghua Display Materials Co. Ltd. All the materials were used as received without any further purication.
Experimental

Materials
Preparation of lms T1-T3, L1-L5, R1-R6 and P1-P5
Composite lms L1-L5, R1-R6, P1-P5 and T1-T3 were respectively prepared by the quantied mixture of E-51, RDE, TTMA, PA and SLC1717 as shown in Table 1 , and then vigorously stirred and sonicated for 5 min to form a homogeneous solution. The composite solution was injected between two pieces of PET substrate based on the capillary effect, and was cured in an oven at dened temperatures for 1 h. The thickness of all of these lms was controlled by 20 mm thick glass beads. All the lms were cured at 333.15 K with the exception of lm T1 (at 313.15 K) and lm T3 (at 353.15 K). Films T1, T2 and T3 were prepared with the same composition but cured at different temperatures. The content of LC in samples L1-L5 varied from 30 wt% to 70 wt% at intervals of 10 wt% while keeping the concentration of the other chemicals at a xed ratio. The weight ratio of monomer E-51 and monomer TTMP was 1 : 1, the weight ratio of monomer E-51 and monomer RDE was 1 : 3, and the weight ratio of monomer TTMP and monomer PA was also 1 : 3. For samples R1-R6, the total content of monomer E-51 and RDE was 25 wt% and the content of the other chemicals was at a xed ratio, but the concentration of monomer E-51 was varied from 0 to 25 wt%. While in samples P1-P5, the total content of monomer TTMP and PA was 25 wt% and the content of the other chemicals was at a xed ratio, but the concentration of monomer TTMP was varied from 0 to 25 wt%.
Characterization
The total transmittance and transmittance haze of the prepared lms were examined using a UV-vis-NIR spectrophotometer (America, PE Lamda 950) in the visible region (400-800 nm). The UV-vis-NIR spectra of the lms were obtained in compliance with ASTM D1003 by adding an integrating sphere device. The optical diffusion abilities of the lms were measured by a light intensity distribution measuring instrument (HP860 LED luminous intensity Fig. 1 Chemical structures of RDE, TTMP, PA and E-51. distribution tester) which was designed by Hongpu optoelectronics technology Co. LTD and by members of our lab. The lms were illuminated by a perpendicular collimated beam using a He-Ne laser and having a divergence of AE 0.5 , of which the light wavelength was 560.0 nm and the beam diameter was 2.0 mm. The distance between the lms and the light source was 4.0 cm, while the distance between the photodetector and the lms was 40.0 cm. The lms and the light source synchronously rotated from À60.0 degrees to 60.0 degrees and the detector recorded the corresponding light intensity. Additionally, the size of the measured lms were all 5 cm Â 5 cm (length Â width). The morphologies of the polymer matrices in the lms were examined by scanning electron microscopy (SEM, HITACHI S-4800) aer the LCs were removed. The lms were cut into small strips and soaked in cyclohexane for two weeks at room temperature to extract the LC molecules, aer which, they were dried for 4 hours at 353.15 K under vacuum, sputtered with gold coating and observed by SEM.
Results and discussion
Light scattering theory
As described in Li's study, 30 three appropriate approaches for light scattering in PDLC lms are demonstrated: the RayleighGans (RG) approximation, the anomalous diffraction (AD) approach and the geometrical optics (GO) approach. When the average size of the LC droplets is smaller than the wavelength of light (the diameter of LC droplets D < l), the RG approximation is applied in the lm and the light scattering intensity is as s f D 3 /l 4 . When the average size of the LC droplets is larger than the wavelength of light, light scattering can be depicted with the AD approximation, and the light scattering intensity is s f D/l 2 . If the LC droplets are very large, the light scattering is described by the GO approximation, and the light scattering intensity is s f 1/(Dl n ) (0 # n < 4).
SEM morphology
The polymer microstructures of the lms which were respectively cured at 313.15 K, 333.15 K and 353.15 K were investigated in order to conrm the effect of curing temperature on the composites. In Fig. 2 , it can be seen that the number of LC domains improves as the curing temperature is increased from 313.15 K to 353.15 K, and the diameters of LC droplets are 9.41 mm, 5.29 mm and 0.58 mm respectively in lms T1-T3. In this situation, the GO approximation is applied in lms T1-T3 and the optical properties of lms T1-T3 varied a lot. An illustration of the variation of the polymeric microstructures in the lms L1-L5 as the LC concentration increasing is shown in Fig. 3 . As the concentration of LC was increased from 30 wt% to 50 wt% in lms L1-L3, all of the polymeric microstructures appeared to be polymer networks, in which the diameters of the LC droplets were 4.99 mm and 5.29 mm respectively in lm L1 and lm L3. Additionally, the LC droplets in lm L2 had different sizes, with diameters of 2.85 mm for the bigger droplets, while the smaller ones were 0.71 mm. However, the polymeric microstructures in lms L4 and L5 appeared to be polymer microballs, of which the diameter of the microballs in lm L4 was 10.00 mm and that in lm L5 was 4.99 mm. According to the size of the LC droplets or the polymeric microballs, the GO approximation is applicable for lms L2 and L3, while the GO approximation is not applicable for the PDLC lm when the content of LC is lower than that in lm L2 or higher than that in lm L3.
By xing the curing temperature and the LC content in the preparation of the lms, the polymeric microstructures in lms R1-R6, with an increasing content of E-51 and as shown in Fig. 4 , were investigated because the composition of monomers is critical to the properties of the lms. With the increase in the concentration of epoxy resin E-51, the viscosity of the composites increased so that the LCs did not have enough time to disperse, and the size of LC droplets increased. When the ratio of E-51 and RDE was lower than 1, the microstructures of the polymer matrix were similar and the diameters of the LC droplets were 4.29 mm, 5.71 mm, and 5.29 mm in lms R1-R3, respectively. When the ratio was over 1, the average sizes of the LC droplets in lms R4-R6 continuously increased, and the diameters of the LC droplets were 10.00 mm, 11.43 mm and 12.85 mm in lms R4-R6 respectively. Due to the increase of LC droplet size with the increasing content of E-51, GO theory was applicable for the lms, and the optical properties are discussed in detail in next section.
Similarly, when the curing temperature, the LC content and the composition of the monomers were xed, the effect of the content of the curing agent, TTMP, on the polymeric microstructures in lms P1-P5 was studied. As shown in Fig. 5 , the microstructures of the polymers in lms P1-P5 are divided into three types: polymer networks in lms P1-P3, polymer balls in lm P5 and a combined polymer morphology of polymer networks and polymer balls in lm P4. When there is no thiol in the monomer mixture, the size of the LC droplets is uniform, and in lm P1 the diameter of the droplets is 5.33 mm. When initially relatively low amounts of thiol are added, the average size of the LC droplets increases as demonstrated in lm P2. Additionally, there are two different sizes of droplets and the diameters are 14.00 mm (the bigger one) and 1.99 mm (the smaller one), respectively. When the content of thiol is comparable to that of PA, polymer balls are formed, and a transient state is presented in lm P4, where the diameter of the polymer balls is 2.67 mm and that of the LC droplets in the polymer networks is 1.99 mm. Furthermore, only the polymer ball morphology is present in lm P5, with the highest content of thiol in the monomer mixture, where the diameter of the polymer microballs is 2.33 mm. Thus, GO theory is adequate for the system, and the optical properties of the lms with the three types of polymeric microstructures will be discussed later.
Optical properties
As is shown in Fig. 6(A) and (B) , the trend of total transmission presents as T1 > T2 > T3 and the trend in transmittance haze presents as T3 > T2 > T1. As presented in Fig. 6(C) , the trend in the diffusing abilities of the lms is consistent with that of haze. Film T3 possesses a high diffusing ability and the maximum light intensity is lower than 1000 mcd, however lm T2 possesses a high light intensity while the diffusing ability is not excellent. Considering the high diffusing ability and the high light intensity, the curing temperature at 333.15 K is applicable. In order to investigate the relationship between the diameter size of the LC droplets and the optical properties, the transmissions and hazes of the T1-T3 lms at 660 nm are shown in Fig. 6(D) . Due to the size of the LC droplets, GO theory is applicable in lms T1-T3 and the light diffusing ability is in inverse proportion to the droplet size, as seen in Fig. 6(D) . Herein, the transmission decreases and the haze increases with the increase in the size of the LC droplets, which matches the GO approximation.
As shown in Fig. 7 (A) and (B), the trend of total transmission presents as L1 > L5 > L4 > L3 > L2 and the trend in transmittance haze presents as L2 > L3 > L4 > L1 > L5. When the content of LC is 30 wt%, the light scattering is very weak because there are few LC droplets dispersed in the polymer substrate, and this is presented in Fig. 7(C) . In lms L2 and L3, GO theory is applied, and the relationship between the optical properties and the diameter size is presented in Fig. 7(D) . The experimental results are also consistent with the theory, where the haze of lm L2 is the highest due to the smallest LC droplet size. When the content of LC is over 50 wt%, owing to polymer microballs formed in lms L4 and L5, and due to the high transmission of LCs, the transmission of the lm increases and haze decreases as LC content increases. As is shown in Fig. 6(C) , lms L1-L5 all present excellent diffusion abilities. Film L2 presents low transmittance due to the attenuation of transmittance with the increase in light scattering. Due to high transmission and excellent diffusing ability, the LC content at 50 wt% is appropriate for the system.
As shown in Fig. 8(A) and (B) , the trend of total transmission presents as R5 > R6 > R4 > R3 > R2 > R1, and the trend in transmittance haze presents as R1 > R3 > R2 > R5 > R6 > R4. According to the sizes of the LC droplets in lms R1-R6, the GO approximation is satised by the system. As is depicted in Fig. 8(C) , haze generally decreases and transmittance increases as the size of LC droplets develops, which conforms to the GO approximation. In addition, the hazes of lms R5 and R6 are higher than that of lm R4, because the diameter of the LC droplets is over 10.00 mm. As an exception of the GO approximation, aer light propagates through the lms, the transmitted light also interferes with itself, and then haze increases without decreasing transmission. As the number of LC droplets is small in lm R6, the haze of lm R6 is less than that of lm R5. Furthermore, lms R1 and R2 both display good diffusing abilities (shown in Fig. 7(C) ), and their visible transmittances are lower than 90% while their maximum light intensities are both low. Consequently, the appropriate weight ratio of E-51 and RDE is 1 : 3 to achieve a high transmission and high diffusing ability.
Herein, the trend of total transmissions of lms P1-P5 is P4 > P1 > P3 > P5 > P2 and the trend in the transmittance haze of lms P1-P5 is P5 > P3 > P2 > P1 > P4. In lms P1-P3, the LC droplets are dispersed in polymer networks, due to their micrometer scale, and the GO approximation is applicable in the system. The transmission of the lms decreases with the decrease of the size of LC droplets, which is described in Fig. 9(D) . As there are much smaller LC droplets in lm P2, transmission of lm P2 is lower than that of lm P3. While the morphology of the polymer is a mixture of polymer balls and polymer networks in lm P4, scattering in P4 slightly decreases and high transmittance is obtained. As the polymer morphology is ball-shape in lm P5, light scattering reaches the highest value, due to the coherent effect of light scattering of the anisotropic LCs and the isotropic polymers. Films P1-P5 all present good diffusion abilities (see Fig. 9(C) ), and taking the transmission into consideration, lm P4 is promising for application in light diffusers in LCDs.
Conclusions
It is clear that lm P4 has high transmittance (>93%) and high haze (>95%), due to the combined special polymer microstructures in the lm, composed of both polymer networks and polymer balls. The lm can be applied as a novel optical diffuser, which will give great potential for application in LCDs, OLEDs and other display applications.
In summary, the thiol, TTMP, is an effective accelerator for preparing PDLC lms that rely on an epoxy resin-polyamine system, and the presented lm posesses high transmittance and transmittance haze with the mass ratio of 3 : 1 (thiol to PA). Additionally, it takes just 1 hour to cure these lms, largely shortening the curing process, which provides high potential for application in the novel light diffuser eld.
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